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Abstract: In pesticide risk assessment, regulatory acceptable concentrations for surface water bodies (RACsw,ch) are used
that are derived from standard studies with continuous exposure of organisms to a test compound for days or months. These
RACsw,ch are compared with the maximum tested concentration of more realistic exposure scenarios. However, the actual
exposure duration could be notably shorter (e.g., hours) than the standard study, which intentionally leads to an overly
conservative Tier 1 risk assessment. This discrepancy can be addressed in a risk assessment using the time‐weighted average
concentration (TWAc). In Europe, the applicability of TWAc for a particular risk assessment is evaluated using a complex
decision scheme, which has been controversial; thus we propose an alternative approach: We used TWAc‐check (which is
based on the idea that the TWAc concept is just a model for aquatic risk assessment) to test whether the use of a TWAc is
appropriate for such assessment. The TWAc‐check method works by using predicted–measured diagrams to test how well
the TWAc model predicts experimental data from peak exposure experiments. Overestimated effects are accepted because
the conservatism of the TWAc model is prioritized over the goodness of fit. We illustrate the applicability of TWAc‐check by
applying it to various data sets for different species and substances. We demonstrate that the applicability is case
dependent. Specifically, TWAc‐check correctly identifies that the use of TWAc is not appropriate for early onset of effects or
delayed effects. The proposed concept shows that the time window is a decisive factor as to whether or not the model is
acceptable and that this concept can be used as a potential refinement option prior to the use of toxicokinetic‐toxicodynamic
models. Environ Toxicol Chem 2022;41:1778–1787. © 2022 Bayer AG. Environmental Toxicology and Chemistry published
by Wiley Periodicals LLC on behalf of SETAC.
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INTRODUCTION
In standard studies aiming to derive regulatorily acceptable

concentrations for surface water bodies (RACsw,ch) for pesti-
cide risk assessment, organisms are constantly exposed to a
test compound over several days, weeks, or even months.

According to the European Food Safety Authority Aquatic
Guidance Document (EFSA AGD; EFSA, 2013), in Tier 1 risk
assessment the RACsw,ch values derived from this long‐term
exposure are compared with the maximum concentrations of
more complex exposure scenarios (predicted environmental
concentration [PEC]sw,max). Depending on the defined
product, good agricultural practice, exposure scenario, and
characteristics of the compound, the exposure event that de-
fines the PECsw,max can have a duration notably shorter than
the exposure period in the effect study, for example, only a few
hours. This situation intentionally leads to an overly con-
servative Tier 1 risk assessment. A possible technique to
address this discrepancy is to conduct a risk assessment based
on time‐weighted average concentration (TWAc). The TWAc
is calculated by determining the area under the curve
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concentration within the chosen time window and dividing the
results by the window length (i.e., 7 days; EFSA, 2013). The
TWAc method has been applied in various situations other than
pesticide risk assessment. These include general assessment of
the toxic profiles of compounds under time‐variable exposure
concentrations (Belgers et al., 2011; Watanabe et al., 2018;
Zimmer et al., 2018) and assessment of fluctuating concen-
trations of different compounds in natural habitats by passive
samplers for comparison with laboratory experiments, for ex-
ample (Valenzuela et al., 2021).

Within the European Union Workshop on Linking Aquatic
Exposure and Effects in the Registration Procedure of Plant
Protection Products (ELINK; Brock et al., 2010), which aimed to
improve guidance on linking exposure and effects in the
aquatic risk assessment for pesticides in Europe, it was clarified
that under specific conditions (for example, delayed effects),
the TWAc should not be used because it is not sufficiently
conservative. A complex decision scheme is given in the EFSA
AGD to evaluate the applicability of the TWAc approach
(EFSA, 2013). Recently, a number of procedural questions
around the demonstration of the use of the TWAc with regard
to a specific substance have been raised in complex and in part
controversial discussions on how to practically handle certain
parts of the EFSA AGD decision scheme for the TWAc
(EFSA, 2013, 2015). A final clarification on these matters is not
yet available.

Therefore, we propose an alternative approach, TWAc‐
check, to determine whether the use of TWAc is appropriate in
aquatic risk assessment. The TWAc‐check method is based on
the idea that the TWAc concept is just a model for aquatic risk
assessment in that it uses a simplifying assumption to allow the
prediction of effects under time‐variable exposure. Specifically,
the general TWAc approach assumes that the effect seen with a
time‐variable exposure is the same as for a constant exposure
at the average concentration. Whether this assumption can be
made is most likely species and substance specific. The deci-
sion scheme applied so far (EFSA, 2013) investigates certain
features (e.g., linear reciprocity, delayed effects, early onset of
effects) to decide whether the use of the TWAc is appropriate.
So far, there is no agreed methodology on how these individual
features should be evaluated.

In contrast, the TWAc‐check we suggest is straightforward,
using the underlying predictions of the general TWAc approach
to test whether the TWAc is conservative/realistic for a specific

species and substance. The approach is illustrated using case
studies of different species, macrophyte (Lemna gibba),
invertebrate (Daphnia magna), and vertebrate (Danio rerio),
exposed to chemicals with different mechanisms of action.

MATERIALS AND METHODS
Description of TWAc‐check

Figure 1 provides an illustration of the proposed TWAc‐
check method: Two different experiments are needed, a
standard exposure experiment on the species driving the risk
assessment and at least one refined (pulse) exposure test. From
the standard study, the concentration–response curve is gen-
erated, and its properties (median effective concentration
[EC50] and slope) are determined. In our examples we used the
probit model (Bliss, 1934) and the ToxratPro software (Ver
3.2.1). However, other types of concentration–response curves
can also be used. For each exposure concentration of the pulse
exposure test, the TWAc is derived using a time window of
7 days. This is the default value recommended by ELINK
(Brock et al., 2010) and adopted in the EFSA AGD (2013) for
invertebrates, fish, and macrophytes. However, as stated in
the EFSA AGD (2013), the length of the time window can be
reduced to increase the conservatism of the model, or can
be prolonged for the opposite effect. This TWAc is used in the
concentration–response function derived from the chronic
study with constant exposure to predict the effect for the
short‐term (pulse) exposure event. The predicted effects using
the TWAc of the pulse exposure study and the concen-
trationvresponse curve parameter from the concentration–
response relationship of the constant exposure test are plotted
against the measured effects at the respective concentrations
in the pulse exposure test at day x, with x corresponding to
duration of the chronic experiment (i.e., 7 days for Lemna, 21
days for Daphnia, and 28 days for fish). This direct comparison
via TWAc‐check evaluates whether the TWAc model is realistic,
conservative, or not acceptable for predicting effects of short‐
term exposure events based on constant long‐term exposure
data. To account for the variability of the data, the 95% con-
fidence intervals are plotted alongside the data. Depending
on the type of data, that is, quantal or graded (Ashauer
et al., 2011), the 95% confidence interval should be calculated
with the corresponding statistical method.

FIGURE 1: Example illustrating the stepwise time‐weighted average (TWA) approach. TWAc, time‐weighted average concentration.
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The predicted–measured diagrams are then assessed in the
following way: Data points and confidence intervals lying
strictly in the upper part of the 1:1 line (shown in red in
Figure 2) indicate that the TWAc underestimates effects.
Predictions lying strictly below the 1:1 line (in dark green) mean
that the model overestimates effects and thus the TWAc is
conservative. Data points lying above or below the 1:1 line, but
with confidence intervals crossing that line, are proposed to be
realistic and are shown in light green. Therefore, data points in
dark green and light green indicate acceptable predictions by
TWAc‐check and an appropriate use of the TWAc in risk
assessment. In this way, we prioritize the conservativeness of
model predictions rather than their accuracy. We accept a
threshold tolerance of only 10% of unacceptable predictions
(strictly above the 1:1 line). In the Supporting Information,
we provide the Excel spreadsheet describing the stepwise
approach including calculations for the seven case studies
described in the present study as well as a template Excel
spreadsheet for applying TWAc‐check.

To summarize, TWAc‐check consists of the following steps:

1. Plot the predicted–measured diagram: For each concen-
tration level in the pulse exposure study:
a. Calculate the 7‐day TWAc from the pulse exposure

experiment(s);
b. Insert the TWAc into the standard concentration–

response relationship to obtain the predicted effect;
c. Plot the predicted versus the observed effect into the

predicted–measured diagrams together with the 95%
confidence intervals of the measured data.

2. Determine the percentage of unacceptable predictions (i.e.,
points in the predicted–measured diagram with 95% con-
fidence interval strictly above the 1:1 line). A TWAc is con-
sidered acceptable for a specific substance and species if
there are no more than 10% unacceptable predictions.

Potential modifications to this procedure are discussed in
the Results and Discussion section.

Test of TWAc‐check on theoretical data showing
early onset and delayed effects

Before the use of TWAc‐check, it is critical to test whether
the method correctly identifies situations in which the TWAc
model is not applicable (EFSA, 2013). Within the EFSA AGD,
two scenarios are specified for which TWAc would not be ap-
plicable, early onset of effects (Figure 3A) and delayed effects
(Figure 3B).

We created two artificial examples for these extreme sce-
narios, with a constant exposure test and a pulse exposure test
both lasting 14 days. For simulation of early onset of effects in
chronic experiments, effects appear at day 2 in the chronic
study and after that stay constant. In the pulse exposure study
the effects would also occur at day 2 and stay constant after-
ward. So the results of both experiments are similar.

FIGURE 2: Example of predicted effects based on time‐weighted
average (TWA) concentration versus measured effects of a short‐term
exposure event.

(A)

(B)

FIGURE 3: Validation of the use of time‐weighted average (TWA) concentration in theoretical extreme examples for (A) early onset of effects and (B)
latency of effects.
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For delayed effects, effects in the pulse exposure studies
would last longer than the exposure. This was simulated using a
constant increase in the observed effect in both the constant
and the pulse exposure studies. However, effects in the pulse
exposure scenario increase less than in the constant exposure
scenario.

Test of TWAc‐check on experimental data
We tested TWAc‐check in different scenarios including the

effects of different herbicides on L. gibba (foramsulfuron,
iodosulfuron‐methyl‐sodium, mesosulfuron‐methyl, and
thiencarbazone‐methyl) and D. magna (phenmedipham and
aclonifen) in addition to effects of the fungicide spiroxamine on
D. rerio. The two exposure scenarios were constant exposure,
and 1–3‐day peak exposure.

Inhibition of growth on L. gibba was investigated (using test
guideline 221 of the Organisation for Economic Co‐operation
and Development [OECD], 2002). Macrophyte studies revealed
that the most sensitive endpoint was frond area for
mesosulfuron‐methyl and frond number for the other com-
pounds. A short description of these studies is provided in
Table 1. Calculation files with experimental data used in each
case study are provided in the Supporting Information. The
concentration–response curves for the response variable “7‐day
growth rate” and basic parameters (EC50 and slope; see
Table 1) as predicted by the probit regression model were de-
rived and used to predict effects from the pulse exposure tests.

In addition, TWAc‐check was used to test phenmedipham
and aclonifen for their potential to inhibit reproduction (brood
size) in D. magna (test guideline 211; OECD, 2012). A short
description of these studies is provided in Table 2. Calculation
files are provided in the Supporting Information. Three studies
were considered for TWAc‐check of aclonifen in D. magna. The
inhibition of reproductive output was recorded in a 21‐day
reproduction study; the concentration–response parameters
were estimated based on these results, and then the effects of
the pulse exposure studies were predicted.

Two fish full life cycle studies (Table 3) of juvenile D. rerio
exposed to spiroxamine (Bayer, 2009, 2014b) were used to test
the applicability of TWAc‐check. Fish survival was the most sen-
sitive endpoint in both studies. Concentration–response param-
eters were derived from a constant exposure study (Bayer, 2009)
for survival of juvenile fish after 28 days and were used to predict
the effects from a peak exposure study (Bayer, 2014b). A 7‐day
TWA was chosen for the assessment of the TWA approach.

The full study reports can be requested for noncommercial
use via the Bayer CropScience transparency initiative (email:
cropscience-transparency@bayer.com) by referencing the
present study and citing the respective M‐Number of the study
by Bayer (2009). This registration step is necessary to prevent
commercial use of the studies by competitors of the study owner.

RESULTS AND DISCUSSION
The present study proposes a new approach, TWAc‐check,

to test the protectiveness of TWAc in aquatic risk assessment of

pesticides using results from refined exposure experiments.
Overall, TWAc‐check is not data hungry and can be tested
using one chronic experiment, which is generally performed to
support an aquatic risk assessment, and one pulse exposure
test, often conducted as a Tier 2c refinement option This
means that we can extract valuable information from and make
further use of the already existing data. Furthermore, TWAc‐
check is easy to apply and reproduce. Proof that the TWAc is fit
for purpose for a specific compound and species can be shown
by comparing the predicted effects at the TWAc using the
concentration–response properties from a standard test type
with the measured effects from an additional pulse exposure
experiment. This approach complies with recommendations to
validate a method in both a compound‐ and a species‐specific
way. A successful validation shows that the TWAc is able to
realistically or conservatively predict effects at time‐variable
exposure from constant exposure. The TWAc‐check uses
predicted–measured diagrams to decide whether the TWAc
yields regulatory acceptable (i.e., realistic or conservative)
predictions for the specific substance and species at hand.
Specifically, this means that data points that are clearly below
the 1:1 line overestimate the measured effect and thus can be
considered regulatorily conservative. In the present study, we
propose to accept no more than 10% nonprotective estima-
tions to ensure that TWAc is conservative.

Test TWAc‐check on early onset of effects and
delayed effects

As an initial plausibility check, we applied TWAc‐check to
hypothetical effects from data representing early onset of effects
(Figure 3A) and delayed effects (Figure 3B). The time to onset of
effects is investigated (for macrophytes, for example) to reveal
how rapidly a compound affects the plants. This is done to ex-
clude the possibility that short‐term exposure to high concen-
trations such as may occur under realistic outdoor conditions
(e.g., drift or runoff events) produces effects that are “over-
looked” when comparing the Tier 1 RACsw,ch values with the
averaged (and thus lowered) TWAc. Investigating “non”‐latency
of effects is performed to prove that delayed effects in the
postexposure phase caused by damage during exposure are not
to be expected. Therefore, any approach for testing the ap-
propriateness of TWAc needs to identify TWAc as not suitable in
the scenarios with latency of effects or early onset of effects. In
our hypothetical examples, the measured effects in the pulse
exposure experiment were always higher than those calculated
using the TWAc. In fact, all points lay above the 1:1 line. Thus,
TWAc‐check identifies that the application of the TWAc is not
protective for both scenarios, because all predictions were un-
derestimating the effects (Figure 3). This is in accordance with
the EFSA (2013) statement that for these two extreme cases,
using the TWAc is not appropriate. The TWAc‐check proved its
ability to detect scenarios in which the TWAc cannot be applied,
and therefore we can confidently use it on real data sets.

As a second step, we used TWAc‐check on real example
applications for which the PECsw exceeded the RAC, implying
that an exposure refinement was necessary.

TWAc‐check: New approach in aquatic risk assessment—Environmental Toxicology and Chemistry, 2022;41:1778–1787 1781
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Test of TWAc‐check on experimental data
Effects of foramsulfuron on growth rate (frond number)

directly observed in both refined exposure experiments (1‐ and
2‐day pulse exposures; Figure 4A) were either realistic or con-
servative, because all model predictions with their confidence
levels were below or cross the 1:1 line. For iodosulfuron‐methyl‐
sodium, the effects observed on growth rate (frond number;
Figure 4B) in the pulse exposure experiments were lower than
those predicted by the TWAc model using a 7‐day time window
at both the low and high exposure concentrations. The model
only underestimated the effect at the lowest tested concen-
tration of the 2‐day pulse exposure scenario (1.91 µg/L). How-
ever, the confidence limit hit the 1:1 line and is thus considered
to be a realistic prediction. Results for thiencarbazone‐methyl
showed that predicted inhibition of growth rate (frond number;
Figure 4C) by the 7‐day TWAc‐check at the lowest concen-
trations (2.21 and 2.13 µg/L for 1‐ and 2‐day pulse scenarios,
respectively) and their confidence levels were entirely located
above the 1:1 line, and thus the measured effects were under-
estimated. All other data points were either realistic or con-
servative. At the higher concentrations, growth rate inhibition
was overestimated by TWAc‐check. Because the TWAc under-
estimated effects at the lowest concentration and in both sce-
narios (representing 20% of the entire data set), nonprotective
use of the TWAc was demonstrated for this compound and
L. gibba. For mesosulfuron‐methyl (Figure 4D), TWAc‐check was
able to predict the effects of pulse exposure realistically at the
lowest concentration (1.23 µg/L), and overestimated the effects
at concentrations higher than 3.7 µg/L for both 1‐ and 2‐day
pulse exposure scenarios.

With respect to the 10% threshold rule of our assessment,
and based on the 7‐day TWAc, the use of TWAc was justified
for effects on growth rate of L. gibba with all compounds, ex-
cept for thiencarbazone‐methyl, for which the lowest concen-
trations failed (Figure 4).

Phenmedipham effects on D. magna directly observed in
the pulse exposure experiment were mainly smaller than those
predicted from the constant exposure study (data points right
of the dashed line; Figure 5A), thus indicating that the TWAc
was realistic or conservative. Twa data points (in light green)
were above the 1:1 line, showing large confidence intervals;
however, their range reached the acceptable area. A compar-
ison of the predicted and measured effects of aclonifen on
D. magna based on two independent pulse experiments each
including two separate pulses (Figure 5B) shows that all data
points were below the 1:1 line; that is, the measured effects in
the pulse experiments were always lower than those predicted
based on a constant exposure to aclonifen.

These results show that reproductive effects on daphnids
(reduction in the number of offspring) for both phenmedipham
and aclonifen were similar whether they were exposed for a
short time to a high concentration or for a longer time to a
lower concentration. This justifies the use of the 7‐day TWAc
for D. magna exposed to each of these compounds.

For fish, the most sensitive endpoint was survival of the F1
generation. The highest effect was obtained after exposure of
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TABLE 3: Studies used in the modeling for fish

Compound Experiment type
Study

duration
Exposure
duration

Tested concentrations
(measured) Endpoint Reference EC50 Slope

Spiroxamine Chronic toxicity under
flow‐through conditions

35 days 35 days 0.1, 2.6, 6.4, and 16 µg
a.s./L

Survival of
juveniles

Bayer (2009) 19.9 −1.278

2‐day pulse exposure
study

28 days 2‐day (study
days 0–14)

15.8, 30.4, 63.9, and
255 µg a.s./L

Bayer
(2014b)

— —

EC50=median effective concentration.

(A) (B)

(C) (D)

FIGURE 4: Predicted–measured diagrams of observed inhibitions (frond number/area; growth rate) of Lemna gibba for foramsulfuron (A),
iodosulfuron‐methyl‐sodium (B), thiencarbazone‐methyl (C), and mesosulfuron‐methyl (D) based on a 7‐day time‐weighted average (TWA) con-
centration; triangles and dots indicate data from different test designs.

(A) (B)

FIGURE 5: Predicted–measured diagrams of total living offspring/living Daphnia magna for phenmedipham (A) and aclonifen (B) based on a 7‐day
time‐weighted average (TWA) concentration; triangles and dots indicate data from different test designs.
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adult fish in their reproductive phase. Figure 6 shows that ef-
fects on juvenile survival observed in the pulse exposure ex-
periment for spiroxamine were lower than would be predicted
using the toxicity parameters of the constant exposure study at
low exposure concentrations. At higher test concentrations, the
TWAc model slightly underestimated the effects in the pulse
exposure experiment, but the range of the confidence levels
reached the 1:1 line. Overall, the use of TWAc did not under-
estimate the level of toxicity. The TWAc‐check justified the
use of the TWAc for a short‐term exposure event in a
water–sediment system with a 7‐day TWAc, because the
confidence interval of all data points crossed the 1:1 line.

Prediction results using simulations of hypothetical effects
and those from real case studies together indicate that TWAc‐
check is able to distinguish between acceptable and non-
acceptable uses of the TWAc. We believe that our proposed
threshold of 10% represents both a pragmatic and conservative
choice. For example, a threshold of 0% effect underestimation
may discourage further testing, whereas a higher threshold
(e.g., 50%) may lead to risk underestimation in the absence of
additional model performance criteria. It should be stressed
that the methodology as such is independent of the choice of a
specific threshold. That can easily be tested within our ap-
proach, TWAc‐check, on a broader data set if deemed ap-
propriate by regulatory authorities.

The chosen strategy that the 95% confidence interval needs
to overlap with the 1:1 line allows for experimental variability to
be taken into account. At the same time, it has the dis-
advantage that data sets with higher variability will more often
pass the acceptability criteria (e.g., effects of phenmedipham
on D. magna; Figure 5A). That is, if there is high variability in
the measured data, wider 95% confidence intervals are ach-
ieved. Therefore, another criterion may need to be defined to
overcome this issue. For example, regardless of the 95% con-
fidence interval, the difference between the measured effect
(%) and the predicted effect (%) should be smaller than 25% if
the points lie above the 1:1 line. However, this criterion must
be finally defined and decided on by the stakeholders involved.
Therefore, it has not yet been considered in the examples.

Following these results, it should also be ensured (for risk
assessment applications) that the peak exposure studies are
designed such that they contain enough information to ro-
bustly test the predictive power of the TWAc. This means that
studies should aim not only for low and high effects, but also
for at least one effect level in between. However, a higher
number of intermediate effect levels would be preferred.

Because the question of applicability of TWAc should be
answered on a case‐by‐case basis (compound and species
specific) and not be based on extrapolation between toxicants,
scenarios, or even endpoints; we suggest using TWAc‐check as
a straightforward tool to justify the use of the TWAc in risk
assessment. Different pulse exposure scenarios, for example,
with intermittent pulse exposures, different peak exposure in-
tervals, or other mechanisms of toxicity, can be tested and used
with TWAc‐check.

If TWAc‐check determines that application of TWAc is not
appropriate, different ways forward are possible. We proposed
and applied TWAc‐check with the default 7‐day time window
length, as suggested by the EFSA AGD (EFSA, 2013), which
also provides the option of adjusting the length of the default
TWA period “when scientific data are made available that
demonstrate that another TWA period is more appropriate.”
Building on this option, TWAc‐check can be used to verify
whether a shorter TWA window is more appropriate in a spe-
cific situation.

If a shorter TWA window does not pass TWAc‐check, it can be
concluded that the mechanisms involved cannot be appropri-
ately or conservatively described by the simple TWAc model.
More sophisticated (Tier 2) tools such as toxicokinetic–
toxicodynamic (TKTD) models (Dohmen et al., 2015; EFSA, 2018)
could then be used to predict the effects from the refined ex-
posure experiments. The TKTD models can link the external
concentration via TK and TD modules to the observed effect
(Ashauer et al., 2011, 2016; Brock et al., 2010; Ducrot
et al., 2015; Jager et al., 2011; Zimmer et al., 2018). The external
concentration is translated via the TK module to the internal
concentration, which is the crucial concentration that leads to the
observed effects. The TK modules can have different levels of
complexity (one‐compartment, multicompartment, physiologi-
cally based) depending on the level of detail necessary for the
research question. Via this module it is possible to assess whether
repeated pulses are dependent on or independent from each
other, resulting in different effect patterns in the experiment. The
TD module depicts the time course of the effect itself. Thus ef-
fects might also be observed after transfer to clean medium or
full elimination of the toxicant from the water phase. These
models are finding wide application in answering scientific
questions connected with pulse exposure pattern or fluctuating
concentrations in natural habitats (Ashauer et al., 2020), but also
increasingly in regulatory contexts. Therefore effect models can
also be used (Tier 2) to address the question of TWAc in a reg-
ulatory context (see Schmitt et al., 2013 for macrophytes), but
with a much higher degree of complexity. Already, the in-
tegration of a simple and straightforward method such as TWAc‐
check can aid in decision‐making processes and can act as a
complementary tool for decision‐making at Tier 1 for the

FIGURE 6: Predicted–measured diagram of juvenile survival of Danio
rerio for spiroxamine based on a 7‐day time‐weighted average (TWA)
concentration.
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assessment of all nontarget organisms before moving to the use
of more complex models.

CONCLUSIONS
A new approach, TWAc‐check, for checking the applicability

of TWAc in chronic risk assessment was presented. It directly
assesses the degree of conservatism of TWAc using a simple
and straightforward approach. With real‐example applications,
predictions regarding the protectiveness of the TWAc revealed
that using TWAc is a case‐by‐case decision. We demonstrated
that TWAc‐check can help to make this decision by directly
inferring the conservativeness of the TWAc.

Supporting Information—The Supporting Information is avail-
able on the Wiley Online Library at https://doi.org/10.1002/
etc.5346.
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